
LA-UR-81-3147

TITLE : MAS- TICS ASPECTS OF EBTR REACTORS

AUTHOR(S): Charles G. Bathke

.,,, ,

HVDI(,SI,IWI,,S ,)! Il\I\ atl,al,$ Itw Ii,, t,l,,l,,l ,,,, a,,l,,, tr, I)Ial I,,,

IJ !I Infw,,,blvm,e,l 8rl.4,1). n IIIIIMU.t It,., w,, ttDV,d I, !,8.,. 11,w,t,,

111 1,,,1118’.114)1 18.1,1(111,,,8, tll,. 1,,,1) l,\,,. , I 11111!1Ill 111,. ,,,lllt,l,,,

1,(1,. , (#r 1(, #it,,$.. 111*1,.r., It, ,1,) ..,, It)t 1) :, l,t#;.t. #,w , ,! ,,,, f

Iu)w,

Ilu) I 8)s AIJIVUI. :;, ,1,I) I,!,, I al, ofnl,,, v ,1-,,,,,.,1, Il.! ,1,,, ,,,,1,

1,%1),,1,,18,!)1,1, 11,,% ,111,, le. m Wll, b )Wll,,t,t” .,1 ,,,,,1,,, 111,. ,+,,,

,1,, 1,, 1)1 11!,.II !, [),.1 ,41111..1,1 ,,1 I ,“.,,,,

Lsil!llkLOS ALAMOS SCIENTIFIC LABORATORY
Post Office Box 1663 Los Alamos, New Mex!co 87!545
An Affirmative Action ‘Equal OpporhJruty Em@cyer

For,!! ho, R m [{,1

W. No. Xi)!)

1?/10

About This Report
This official electronic version was created by scanning the best available paper or microfiche copy of the original report at a 300 dpi resolution.  Original color illustrations appear as black and white images.



For additional information or comments, contact: 



Library Without Walls Project 

Los Alamos National Laboratory Research Library

Los Alamos, NM 87544 

Phone: (505)667-4448 

E-mail: lwwp@lanl.gov



MAGNETIC5/TRANSPORT ASPECTS OF EBTR REACTORS*

Charles G. Bathke

Loo Alamoa National Lebora:ory
Los ti~moa, NM 87545

Summalma—

The magnetite model developed for the EIMO Bumpy
Torus Reactor (EBTR) study 1s described. A multiple-

loop current mirzulation of toroldal-field (TF) ●nd

aspect-ratio-enhancement (ARE) Col 10 1- umed to

calculate the vacuum magnetic field. The boucrce-

averaged vertical drift velocity, v , ●nd pololdal

drift frequency, Q, ● re determined ~rom the field

topology. Upon performing the appropriate ●veragea of

Vy and il, the point-plasma toroldal curvature, ~, and

magnetic curvature, Rc, ● re obtained for use in

modeling EBT tranaport. In ●ddition, the fraction, fo,
of alpha particles completing their flrct orbit within
the planma 1s calculated.

The magnetlca code was used to obtain an EBT
reactor d*s!gn w!ch a magnetic mapect ratio, ~/Rc, of
2U using ARE CO1lI with current, I ~, ●qual to -0.22
of the Tt’ coil’s current , ITF. YA 6-cofl torus results
with a major radit,s, R, of 35 m, ● n ● verage mtnor

radius,
‘P’ ‘f ‘ “

a mirror ratio, M, of 2.24, ●n
average toroid~l field, B, of 3.64 T, ● nd ● peak field

at thr TF CO1l, EC, of 9.) T. Secraiclvity at”dles

about the desfgn point indicate th.it R /lie

7

16 ● oat
scnsltive to variations in S, R, ● nd IARE ITF.

Introduction. .-—

One of the major gndls of Khc EBTR ●agnetlcs

Scurfv] ~s to qumntifv by means of ● clmp!ified but
nelf-cnnnlstrnt modv 1 the ● ffectlvenesq of realfotlc

cnfl arrarrgmencri in prc)vtd~n$ ●apect-ratio enhaucemel,t
(nRF’ of the bumi,v-tt>rus configuration. Thr approach

fnllow~d h~rr fur the reactor 1* a modification ot that

cr~nsporl cnrfticlentti ● t I Ow

brieflv S?nt-fl, 1s t,) calru
vacuum ffeld and thrn form the

[lny - U(V /., ) , f rt,m w:)ich
1
P: -

+, can he nhta! net!.
upnn an lnf inlte-bumpv-ryl fnd{
vacuum ma~nvt lc fi-ld. n;

usrd i :1 Drev!ouh studlen’$ ‘ t () produrc relevant

oett+. ThF procedure,
● nd i, from thr

j;;f,;?nn coefficferrt,

:he confinemrrtt time,
These model~ are Faoed

r reprearntntlon of the
lnfirrl t?-bumpv-cylirrder

mod,.1, hnwrver dora not contain oufflcient in{ormstlon
wfth Whfch t<) aamenn accurately Che ● ftectiveneaf. of
ARt Cnlln, Tno*r r~actnr msgrreticn stud!en Wh 1Ch
rer, lfst!cally atmtllatr the Ngn-t lC field havr
rvaluac~d va r i uu F c(I11 conflRurttlons on th? baals of

particle conf fncment tn vacuum Mgnrtlc fieldn*’5

rattl~r than up,In tran~p#jrL corfffcf~rrtn. Consequent ly,

a mmu!letlcu’trat)bport mode 1 desrrib(d below wa R

rie\@l\3ped, Wtl! (.11 Unea the rraultn from thr magnrt!rc
Cnl tlat!onn to perfnrm ●versgen “! trann(>ort-related
param?t~rk for ,Iar in r pofnt-plaama ● odel. ‘

tfagnet !ca ’Trana~]nrt Model. .

lhe vacuum r9agnetic field la obtained by
simulating the TF ●nd ARE coils by combinations of
f!lamental ~ loop currents. Formulae ● re readi ly
●vallabie for calculating the magnetic field
component resulting from ● mingle filamental loop
current. llte vacuum wgnetlc field fs subsequently
obtained by ●uaratng the field components from each
filamental loop current.

T?te TF coils ● re nlmulated with a 4 x 8 matrix of

loop currents ● a shown in Fig. 1. The efghc loop
curranta compoalng ●ach row of the matrix ● re of equal
radius and are dlstrtbuted unlfocmly ●long the toroldal

length of the CO1l. Tht four rows ● re also distributed
uniformly in the radial direction. The camber of ● ach
current loop 1s chosen to ● nsure that the plane
contalntng a current loop 18 parallel to the Cofl
plane.

Gch ARE CO1l 1s ●fmulated wfch ● cfrcular crocs
oection containing four loop currentti (Fig. 1;. All

1Oop curr4 ncti lie on a circle dlvlding the

croaa-mectional ● rea In half ●nd are ●qutdlstiint from
●ach other. The 100pa are positioned on the c~rcit,

●uch that each pair ui 100pa ● re of equal radlufi. Thr

current, 1AM * 10 ● n ARE cnfl in ●xpressed ari u

variable fraction of the total current,
Col 1.

lTF$ ln a ‘:’
The ●electlon of the ARE-co1l camber r,~pr?aents

● compromise between ● desire to max!mlze itla

●nd
effect

englneerirrg practlcalitlee. The optimal location

of the ARZ colla with respect to both transport and

orb!t contlnement i- in the ●idplsne with thr AQE cn!l
center located ●pproximately ● t the out boa rd plAs!n.4
surface. However, neither transport nc>r orbit

confinement la very oeneltlve to the ARE coil lrrcatlun
● s long ● n ita center 1s nrar t:.r outbnard plaRrrI
~urface. Consequently, thw EBTlf mafntanenct. nchrma,

●ugseated the ARE-{011 locatton chown in Fig. 1. ($f Ilrr

●apect-rat lo-~rthanceme,)t technlque~, ●u, t) a~

●~trlzing colla, *o$ have not “been cnnuldervd ill tllf*

study.

Drift Veloc!ttes..——

In add!tfon t{, the drtallerf magnet

parawterc, t Wo trannport paraoet?rn are drr
the magnetfca ●odel pr~vtouelv drncribe(i the
radium of curvature. I&. ●n{! the mai41ietlC

desf N1l
v@d f t)m
tor,,fr, I

*.11 . .

curvmture, Rc. Btitli ~ a;; Xc determine the aver.sgc

vertical drift wlcrcity, Vy, and th? gradl?nt-B drift
frequency ii, r*apectlvely. tly uming a bounce-avergvd
forultem+’~ for the falculatlrrr uf th~ part lrle drift
veloclcieo, the tor)idml d!mencion in elimfnate(f f rl)m
the problem.

llr~ #ra6t@nt-B drtft froquen.y, d, can hr. drrlv~d
from thr second or lonfiltudinml invariant, J - m$dt vi,
where th? intoxrati III of v, is performed [aver a

complote travcrm- of t particle trafe,tnrv ●long a
field Ilcr-, Th~ iramcrlption for calculating the

bounce-avaraged poloidal drift frcquerrrv fr,)m I !*

~,--l._y

mr~~,l Jr “

bounc~ p~riod, I, tm defirrad b}’ I - ~d(

cyrlotrnn frequmnry, ●nd r la the radial

th- fi*ld linr mvmoured relative L(1 thr
particle orbit (i.e., the radlnl IOCat

(1)
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Fig. 1. The first-wall/blanket/shield geometry adopted

for the EBTR design study.

~J/dr - O). The shove line integrations need only be
performed over that portion of ● psrticle trajectory

located between th~ mldplar,e ●nd the relevant mirroring
po!nt. Iil the Caa? of ● paotiing particle (i.e., ●

parti~le W1[h ● parall~l velocity, “1$ that la

●uff~cient to preclude reflection by th? mirror field),
the n!rruring point is replared by tf~e locatlon of the

particlr trajectory in the coil plane.

l%e rmrnllel v.r13c!ty in calculated by invoking

rorraervar lot) nf both ktnetic energy ●nd magnetic moment

almg a f~rld lin~$, but neglecting the ●nergy ●cored ~n

thr ●lectr]c field. K!net!c encrgv ●nd magnettc moment
contfnu~ t{, be conserved ● n = partlclc drlfta

poloidally from or,e field lfnc to another. Then,

(2)

whert w lk th? partfrie apercl tII tlw ❑ldplane, c(rM)
!r4 che pfrch anxlc at t hp mfdplmnr radfun, rmt and

Btry,rl) ●nd B(r,t) ● r- the mgnetic field evalue?.ed in
the ,afdpian., at rM aIId at a dfctance, f, ●lonp tb,,

ffeld ilne pcnnlny, tt!tnugh th~ m!dplanc at r.

me •v?ra~- vrrt ical drtft vwlocfty iu ohtatnecf by

performln~ a bout,’, average nt’ the local vertical drtft
veloc”ty, Vi).’ nlllt fs

v -1 -] 4 dt v,,/v, ,y
(3)

where

mvx; Il(r,t) I
% - ,: - ●tnit(t-M) . (4)

2qn(i, t)R[ c-l D( rM,T’j ‘

Th? def~n!tiottn of t.h~ ●vcraIt@ vwrtfc~l-drtft

velocfty and po]ofdnl-rfrfft frequrmry taaed by thr

point-planma ●odv 1 u f Ref. 1 ● r? [ivett hy ,

respectively,
‘Y

5 kBT /q B% and

where T ● re tfle 4emperat.re ;nI~!ZJ~IpZ~R~~~
jthepec~eoa~~dql/l ie the Boltzmano coneta;it. These
definitlone prov de no lneight into the details of uhe

●veraklng proceea neceaoary to generate zerO-

dlmenelorral parameter for uee in s polrrt-piama model.
An ●xamination of the derivation of the plaema

dlffuelon coefficient

confinement time, T , 2,! ‘nJ’ ●nd ‘he ‘*rt’clecugg ate the following scheme

for calculating RT i~d Rc; Eq. (5) la to be ueed when a
ratio of ~ at.d R la needed ●nd Eqs. (6) and (7) when

!needed individual y.

RT
~ - <(rWvy)2>l/2 ,

c

kBTj

‘T
- —.— ,

qjB<vy>

●nd

kBT,
Rc

- ~B= ‘

(5)

;6)

(7)

J
where <> denotes ●n average over a Ma-ellian

dietrlbutfon of temperature T . The radial variatfon of
ithe drift velocities 1s tre ted by computing Eqs. (5),

(6), and (7) ● t the plaoma edge, because plasma

dlffueion I, primarily an edge effect. Any aeymmetry
in the radial profiles 1s taken into ●ccount by using
the ●rithmetic mean of the inboard ●nd outboard edge

Flret-Orbit Loeses—-- . .. . . . . .

The largest orbit contained within the reactor
vessel defines that regfon of the plaema in wh!ch nn

first-orbit loeseo occur. This last closed orbit !s

ueed to calculate the fraction, fa, of alpha part]clt ,
that nurvlv~ a first-orbit trajectory. Such ● n orblc

or drift curftce i~ defined ao a eurface comprised of

field lines of constant J. For monoen*rRetic alptla

particle- a drift ourface depend~ only on magnetic
● oment or coeC(rM). Asnuming circular orbits, thv

cross-mectlonal area of the lant cI(lsed drift ●urfarr

1s calculated ● e ● function of pitch ,\ngle. Aenumlng

both ● parabolic density profile and a flat temprr~ture
prJfile, the fraction of ●lpha part icle~ that aurv Ivu

flret-orb!t ltmaeo te glvan hy

~~p fc(r) n2(r) rdr
fa - -- . . . . .-

~~p n2(r) rdr

, (u)

where fc(r) le thw fract~ou [)f thi’ 10C81 fnotropt

pitch-angle population reaidlng 011 contafn~d orhl~rn

thst pa-a through the radlua r.

Effect- of ARE Cofl@

Th@ ARK coflm fmprovc EBT trancport ,lroprr~ ion

throuRh cheqen in Rt, - fl/(dB/dr) by •nd!fvitl~ chr

ma~netl~ field ●o that th- field profiles r-mvmblr

thoec found in confiSurat!ona with I#rg@r ●mpert tat I (1

●nd, hence, better transport propertleu. The twagnfttlcfr

of the chang* in th? ratto RT/Rc that CaII bm produced
le chow in FiR. 2. Tl\@ modfftcatiotl of tlle field

profilaa is obtained at th? cxp*no@ of tncroaard ff?ld,
BC, &t the TF-coil and ● n lllcreacmd mirrur ratl[~, M, au
la ticmorrot.rated riy m travmrhc along a lint nf conntalkk

N In FIR. 2. An fncrease in ~/lfc can SIIIO b~ Obtnin*d

by ct,anginu N (or M) for ffx~d 1 RF/lT) but

the ●conomy in BC that re.uttm wlien lAR~Y;TFw’~L

changed. l%- current ratto, IARE/[TP}be:::::t b-

lncveaaed “f thout limit, however, ‘ th?
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Capability, ●s mea Bured by
increasing lARE/l TF. A value of
Va 8 tsken ● n ● lower limit or,
hreedln<< cnncrtralnt, ] therehy

1s on plasma transport
nement .

‘7/$FP worsen with

% ~F ●qual tO two
the baalo of ● trlttum

defininR the loweut

deRree of
-.

●ccensibilfty ●cc?pcable to thr EBT reactor

des~gn. A ●econd benefit of l!irr~aalng IARE/lTF Is an

increane in f. (Fig. 2). 3%1s recult la s by-product

of tht field profll* modlffcatlon by ARE coils in thnt
chanuea in thr flrld profilec tend to ailRn [he

particle orbit cent?rM ove r r.hc ●ntire ●pecttum of
pitch anglr ●pace. The f“ results of Fig. 2 ● re lover

than those obtfilned for typical experltaerrr,al
parawtc.re, where fm - 0.93. Thla difference in ‘
betwe?n the exp?rlm~ntal reglm~ ●nd thp reactor togim~
Im graphically demortatrated in Fig. 3. Itic decreaae
in f for Cyplcal reactor param-tere rtlatlve t,n
typfc:l experimental parameter lm the recult rrf ln-
oerting ● blank@t/oh~eld ●nd pumped ltmlt~r between the
plaalrm ●nd thr TP colla. Tit@ dlffer~nc~ between the
typicsl reactor paramet~ra (R - 6J m,

- O.fd+) ●nd the dcmlgn pofnt para~$?~[~T[R”-”\5 ~~

lARl!/*TF - -0.22, fu - 0465) 10 n*gltglh~e with r-upect
t II t hr total populattnn of confirtml ●lpha parttcie~.
liow~v~ro the uar of ARE cofla perm!te the attainment of
the aarne f. in a much cmnller davlce (R - W s veroua R
■ 3$ m) ●nd an increanrd pa-elng partlcl~ populttiorr
alb-\t ● t thr exp*noe of the t rapped particle

popula’lon. T%- inaccuracy in the f. reauitg intro-
duc~d by con@id~rlnR only the ?quitorltl plan~ (and

thereby neglecting tlw contribution f rum nnn-ct rculnr
o-hits) ia < 10%,

Nag!wtlclll)~n~n-h!nt ----

The mngne!tcn dealRn •~lpcted for the ?!RTK degiSn
pnfnt had t{, Qatfef Y o*vatal crlt~ria, i WI)! r’h ● re
aummari ted ill Tablu 1. ri~ure 2 dopictm ● typicnl set
of raagnptirn daniRn curvoa. Thoe# data -ot ● ~r_t {~+f
an manY of thr deafgn criteria of Tsble 1 ● n poasibl~.
The pulnc A ●hwn iu Fl~. 2 woe chosen ● . the ma~n~tlrn

de~ign pn!rlt for {te complftirrrt with ttw rau~nder uf

TABLE I

DESIGN POINT CRITERIA
Parameter

Current dencity, “ (MA/m2)
Ratio of TF-coI1 torol.dal length

to radial width, ~F:wTF

Scrnr* ●f thlcknees under TF coil, rw
B1 tckneoeee, Ab (m)

m aboard thlcknens

@ Outbodrd thickneam
Planrae major radiue, ~ (m)
Average plnema radiun, rp (m)

Widplane caxgnrric ffeld, ~P (T)
Iransport parameter, ~/Rc””-
Pflrror ratio, H

Acceaetbility tO tOrU8, ~/+F

Peak field ●t TF coil, BC(T)

TARLf? I
SH?QIARY OF RESULTS FROM EB’

(POINT A ON F

Parameter. ..—

Plasma center, R(m)

Plasma radii (m)

● tildplsne, rMp
● Coil plane, rcp

Value

16

1.195
1.440

35
1.0

2.25
20

-2

R NAGNETICS OESICN

c. 2)

● Average, r :-{rMp
Magnetic field ?T)

+ rCp)/2

. Hidplane, ~y

● Coil plane, B ~

● Aver.&, B:~~p+BCp)/Z
● Peak ff,ld ● t TF’ coil, t$.

~;~;l~~ ~~ Lctt;i ,’T~R~YL)
Coil dfmenslonm (m)

● ‘F-cO1] 1en8th’ %F
● Tt’-coll width, UT}

. bdlue of current cen:er, rc

. Rad,un t,, TF COI1 center, %F
● ARE-(01: radlu~, ‘ARt,

● ARE-co1l diameter, ‘ARt
Number of bumpe, N
Mirror ratio,

Magnetic •.pec~ ~a!?~~~ln.
?oroidal radius cf curvarur~$ ~,(m)
14agnctic radfun of curvature. R,.(m)

Value—..— —.

35.()(1

1.24
o.7fl
1.OU

2.25
5.03
).b&
9.63

31.35
6.97

109H

[).99
~.9[1

J$.of!

4.66
o.7k

~h

2.24

2[1.98
37.4t’

1.30,
Alphn-partlrlr trapplr,g traction, fil ().h’l

Acret!nlbflfty to torus, ~/~F 2,(I9

. -.

:hr deslgtl crileria, ● s In oeett from Tablr 2. The
phy~fcal laynut of the MRneta, plaoma, and
blanket/mh\rld ●rnaociated w!ttl thfs maRrreticn deetgn
pnlnt In show!, in Ffg, 1. The r*ma!ning relevant
part.t*t@rm pertainlnR to th? maRnettro deofRn point ● re

da~~ ‘nrluded in Tabl~ 2.

!Jenattlvf!y ●tudtea ●bout the deo!gn point
ttrdlrate R1/ltf!end f ● rc 9nat ●aroltlv~ to chanR@n in
N, R, and lA:tE TFan#l*t~t •e,,altlvmt,,cl,a,iR~o !nr
●nd B, Alrhotlgh incroaeinR ●ither R or IIARF,/TrFI n!

decrcasln~ N ylcld fmprovod valucn Uf nT/M,, and f“,
onlv ●~ll dt viatirnio from th~ d@afgtt prr~nt valuem can

br tolclated b-fore vlolatlng one of thr laet three

rt?a 1gll critwrla ot ‘Iaule 1. clthsr lMW uAtiulfitaLl,,,i 01

oth~r seperc-ratio-ohancament ochamaa ur o relaxation
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Fig. 3. The cress-sectional area of the Iargeot drift ●urface contained within the vacuum vessel versus

for typical

cos:(rM)
●xperimental parameters, typical reactor parameters, ●nd the design point parameters.
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The

ordinate rangea from O to the crosn-aecrional area of

in the desibn criteria IS needed to provide itiprovement

in the magnet!ca performance of thin denign.

Conrluta10n6—-. .-

The uae of ARE CO11O can result in the ●nhancement
of the tr.mneport parameter, ~/Rc, by a factor of 2 or

more for the design range lnveotlgated whfle raeettng
●ngineering constraints lmpoacj by magnet technology,
reactor accesnlblllty, ● tc. l%e uce Of ARE COflR,

therefore, permitted the desfgn of ●n EBT r=actor that

can be an cmall an 35-m in ~jor radiua ●nd l-m jn

mtn-. rai’luao In ndditton, ~/Rc waa found tn >e ●ost
●enaitjve t () variations in N, R, and IARE/ITF.

Decreaafng N in the most pract~cal method of ●nhancing

RT/kc provided the mf rrur ratio conntralnt can be
lncreaned.

l%? ahll~tv tn retafn 3.5 M-V ●lpha partlcle~, afi

mennured by fa, In a ● ource of concern. Houever, not

all of the fartorn whfrh affect partlclc orhltn (and

& 1so tranaport) have been included in thenv
calculatjonti. The ●ffrctn dur tu the prea~ncc of the
●levl run rings, a ‘Inftr-brtn plssma, ●nd the ●mblpolar
•l~ctrlc field have been n@Rlect@d here ●nd need to be
jncluded in ●ubnequent ●nalyara ● o they may ●m+llorate
this problem.
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